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INTRODUCTION
It is currently estimated that two-thirds of Americans are overweight (body mass index from 25 to 30) or obese (body mass index greater than 30), with similar levels reported in other developed nations. 1, 2 Excess body fat has been linked to a number of comorbidities, including cardiovascular disease, diabetes, renal dysfunction, and certain forms of cancer. [3] [4] [5] The prevalence of obesity and associated chronic diseases makes it one of the most pressing medical and financial problems facing our society.
Excess body fat has also been linked to several pulmonary disorders, including chronic obstructive pulmonary disease, pneumonia, sleep apnea, pulmonary embolism (as a result of deep-vein thrombosis), and asthma. 6 Pulmonary arterial hypertension (PAH), a disease character-ized by sustained vasoconstriction and progressive remodeling of the pulmonary artery (PA), is also observed in obese and overweight individuals, although prevalence remains uncertain. [6] [7] [8] Taraseviciute and Voelkel 9 reported that almost 50% of PAH patients they reviewed were clinically obese, while in another study of 20 ambulatory patients presenting with echocardiographic evidence of PAH, all were obese. 10 Retrospective review of autopsy records also showed that a significant proportion (44%) of obese individuals display medial thickening of the PAs, indicative of subclinical PAH. 10, 11 These studies highlight an important link between excess body fat and pathological changes in the pulmonary circulation.
Conventional wisdom has held that obesity-associated PAH is primarily due to transient or chronic hypoventilation resulting from the increased mechanical load imposed by excess adiposity. 6, 8 Obesity-related obstructive sleep apnea and obesity-related hypoventilation syndrome are clinically recognized conditions characterized by increased upper-airway resistance, decreased inspiratory and expiratory pressure, and decreased chest wall compliance. 12, 13 These factors lead to lung hypoxia and hypoxemia, which alone are sufficient to induce remodeling and vasoconstriction of the pulmonary arterial tree in animal models. 14 While hypoxemia and lung hypoxia undoubtedly contribute to the development of PAH in overweight and obese patients, excess body fat can elicit numerous metabolic and physiologic changes that may also promote pulmonary vascular pathology. For example, blood insulin levels are often elevated with obesity because of global insulin resistance. 15 Lack of insulin responsiveness in adipose tissue results in elevated circulating free fatty acids, 16 while insulin resistance in the liver promotes hepatic glucose production and release of triglycerides into the blood. 17 Adipose production of inflammatory cytokines (e.g., interleukin-6 [IL-6] and tumor necrosis factor α [TNF-α]) and adipokines (e.g., leptin, resistin) is likely a primary cause of the peripheral insulin resistance, diminished energy expenditure, and systemic inflammation associated with obesity. 18 Finally, obesity-induced changes in the cardiovascular system, including elevated cardiac output and systemic hypertension, also likely undermine normal pulmonary function. 19 With this broad spectrum of metabolic and physiologic disturbances, it is unlikely that hypoventilation and hypoxia alone explain obesityrelated PAH. Indeed, several investigators have recently proposed that insulin resistance may promote pulmonary vascular disturbances in obese individuals. 20, 21 Here we investigated whether obesity-related PAH could be recapitulated in rat models of obesity. We initially char-acterized PA pressure, right ventricular (RV ) hypertrophy, and PA remodeling in the polygenetic diet-induced-obesity rat model developed by Levin and colleagues. 22 These investigators originally noted that approximately half of outbred Sprague-Dawley rats develop obesity when fed a highfat diet, while the remaining half are resistant to obesity (diet-resistant, or DR). Through selective breeding of each type for multiple generations (now more than 50), they produced sublines that are either resistant or prone to dietinduced obesity. When fed a high-fat diet, the obesity-prone animals develop visceral obesity, fasting hyperglycemia, hyperinsulinemia, and hyperlipidemia. This model reflects the polygenetic features of human obesity and permits investigation of both diet and genetic affects on disease initiation and progression.
We also examined the development of PAH in Zucker lean and fatty rats. Zucker fatty rats homozygous for a spontaneous mutation in the leptin receptor exhibit earlyonset obesity, hyperphagia, hyperlipidemia, peripheral insulin resistance, and systemic hypertension. 23 Interestingly, the elevated blood pressure in this model cannot be reduced by exercise and/or weight loss, indicating that it is associated with the obese genotype rather than with diet or excess body fat.
We report physiological and structural evidence of PAH in obesity-prone (DIO) rats with and without high-fat feeding and in Zucker fatty rats. Hypoventilation and hypoxia were not detected in either model, suggesting that diet and metabolic and/or genetic factors were responsible for the observed physiological and structural changes. Circulating inflammatory cytokine levels correlated with PAH in high-fat-fed DIO rats, and hyperlipidemia and increased oxidant production in the PA wall correlated with PAH in both DR/DIO and Zucker models.
METHODS

Material
Male DR and DIO rats and Zucker lean and fatty rats were purchased from Charles River Laboratories (Wilmington, MA). Research diets with 10 kcal% fat (product no. D12450Bi) or 60 kcal% fat (product no. D12492i) were obtained from Research Diets (New Brunswick, NJ). Polyclonal antibodies to 8-OH-guanosine and 4-OH-nonenal were from Abcam (Cambridge, MA). Polyclonal antibodies to α-smooth muscle (α-SM) actin, cardiogreen polymethine dye, and fasudil (HA-1077) were purchased from Sigma (St. Louis, MO). Rabbit polyclonal antibody to CREB was from Cell Signaling Technology (Beverly, MA). Picrosirius red stain was obtained from Electron Microscopy Sciences (Hatfield, PA). Alexa Fluor 594-and Alexa Fluor 488-conjugated secondary antibodies were purchased from Molecular Probes (Eugene, OR). VectaShield mounting medium with 4,6-diamidino-2-phenylindole (DAPI) was purchased from Vector Laboratories (Burlingame, CA). Rat serum adipokines kits (MILLIPLEX MAP ) and rat insulin enzyme-linked immunosorbent assay (ELISA) kits were ordered from Millipore (St. Charles, MO), rat adiponectin ELISA kits were from Invitrogen (Carlsbad, CA), and mouse/rat erythropoietin (EPO) ELISA kits were from R&D Systems (Minneapolis, MN). Reagents for measuring nonesterified fatty acids were purchased from Wako Diagnostics (Richmond, VA) and those for triglycerides from Thermo Scientific (Middletown, VA).
Animal care and treatment
All animal procedures were performed with the approval and in accordance with the guidelines of the University of Colorado Anschutz Medical Campus Institutional Animal Care and Use Committee. Male DR and DIO rats and Zucker lean and fatty rats (8 weeks old, 6 per cohort) were maintained under isobaric normoxia (1,600-m altitude, 630 mmHg) for 5 months. DR/DIO rats were fed either a low-fat (10 kcal% fat) or a high-fat (60 kcal% fat) diet, ad lib., as indicated. Zucker rats were fed standard chow ad lib. Fresh water and clean cages with fresh bedding were provided every other day. Light was maintained on a 12-hour cycle, and humidity was 40%-45%, with a temperature of 25°-27°C. The animals were monitored daily, and weight was checked once a week.
Catheterization of anesthetized animals
Rats received a combination of ketamine (75 mg/kg) and xylazine (6 mg/kg) intraperitoneally as anesthetic. The ventral neck area and the area dorsally between the scapulae were shaved, and the areas were scrubbed with betadine solution. A 2-cm incision was made over the right ventral neck area to expose the internal jugular vein. A polyvinyl (PV-1) catheter was threaded into the PA via the right jugular vein. A catheter pressure tracing was transduced and monitored with an oscilloscope, and the location of the tip was identified by the characteristic shapes of the PA pressure waveforms. The catheter was then securely sutured into place. An additional catheter was inserted into the jugular vein for drug infusion and venous return. A polyethylene (PE-50) catheter was placed into the right carotid artery to obtain cardiac output values. All catheters were exteriorized caudal to the scapulae by blunt dissection and attached to pressure transducers for hemodynamic measurements.
Catheterization of awake animals Catheters were placed as described above 48 hours before measurements. The exteriorized catheters were threaded through a specially designed plastic hub sutured to the back of the neck. Catheters were coiled inside the hub, over which a snug-fitting rubber cap was placed to prevent animals tampering with the catheters. On the day of measurements, rats were placed in a 3-inch-high, 3-inchwide, and 7-inch-long Plexiglas box with gas delivery ports for the delivery of air. Sampling of the gas inside the box over time showed complete gas exchange within 2 minutes. Exteriorized catheters were attached to pressure transducers for hemodynamic measurements.
Hemodynamic measurements and tissue procurement in anesthetized animals
Pulmonary and systemic arterial pressures were captured from fluid-filled PE-50 catheters (Becton Dickinson, Franklin Lakes, NJ) fitted to TransPac IV (Hospira, Lake Forest, IL) pressure transducers connected to a BIOPAC MP150 acquisition system (BioPac Systems, Camino Goleta, CA). Cardiac output was measured by infusion of cardiogreen polymethine dye, and a specially designed densitometer and software (Deterministic Systems, Boulder, CO) were used to detect and calculate cardiac output from the dye dilution. Total pulmonary and systemic resistance were calculated by dividing PA pressure or systemic pressure by cardiac output.
After hemodynamic measurements, the anesthetized animals were treated with the RhoA/Rho kinase inhibitor fasudil (10 mg/kg intravenously) to dilate the vasculature before fixation. The rats were then euthanized by exsanguination. Lungs were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) containing 5 mM EDTA (ethylenediaminetetraacetic acid) by airway inflation at 30-cm H 2 O pressure. PAs were perfused with 4% paraformaldehyde-PBS-5 mm EDTA (to maintain vasodilation) at a pressure similar to that measured in vivo. The heart and lungs were then removed in bloc. Wet RV weights were measured and used to calculate the ratio of RV weight to left ventricle plus septum weight. Lung tissue was fixed overnight in 4% paraformaldehyde and embedded in paraffin.
Evaluation of potential hypoxia in lean and obese animals
Hematocrit and circulating EPO levels were measured at the end of each study to determine whether the obese rats experienced hypoxia. Hematocrit was measured in capillary tubes as the ratio of packed red blood cell volume to total blood sample volume. EPO was measured by ELISA.
To make sure that the assays were sufficiently sensitive to detect changes in red blood cell volume and EPO in response to hypoxia, these end points were also assessed in cohorts of 6 Zucker lean and fatty rats exposed to hypobaric hypoxia (5,500 m altitude, 410 mmHg) for the last 3 weeks of the 5-month treatment regimen.
Blood oxygen and carbon dioxide concentrations and oxygen saturation (pO 2 , pCO 2 , and SaO 2 , respectively) were measured as indices of potential hypoventilation. Awake rats were placed in a 3-inch-wide, 3-inch-high, and 7-inchlong Plexiglas box with gas delivery ports for the delivery of air, through which catheters could also be passed. Sampling of the gas inside the box over time showed that complete gas exchange within the box occurred within 2 minutes. Initially, the box was flushed with a normoxic gas mix (21% O 2 , 79% N 2 ), and an arterial blood sample (0.2 mL) was collected into a blood gas syringe after the animals were resting comfortably. The gas mixture was then gradually changed to a hypoxic mixture (10% O 2 , 90% N 2 ) over a period of 30 minutes, at which time another blood sample was withdrawn. The chamber was flushed with the hypoxic mixture for another 30 minutes, and another blood sample was taken. Finally, the box was returned to the normoxic mixture over 30 minutes, at which time a final blood sample was recovered. Blood samples were analyzed immediately upon withdrawal (ABL5, Radiometer, Copenhagen; co-oximetry via OSM3, Radiometer).
Lung morphometric analysis
Sections (5 μm) of fixed lung or heart tissue were subjected to hematoxylin-and-eosin staining by the University of Colorado Denver Histology Core Laboratory. Picrosirius red staining of lung sections was performed as directed by the supplier's instructions. Muscularized distal arterioles were visualized by staining sections with a primary antibody to SM-actin (1 ∶ 600 dilution), followed by staining with an Alexa 488-conjugated secondary antibody (1 ∶ 250 dilution).
Distal pulmonary vessels (outside diameter: 10-50 μm) were assessed by a blinded observer for degrees of circumferential α-SM actin-positive staining indicative of muscularization. Vessels smaller than 10 μm were considered capillaries and excluded from further considerations. Proximal vessels (outside diameter: 50-250 μm) were analyzed for medial wall thickness by measuring the area between the inner and outer elastic lamellae and correcting for lumen area via computer-assisted image analysis (MetaMorph 6.1 software).
Immunostaining procedures
Oxidative stress in the arterial wall contributes to the development of PAH, 24, 25 and antioxidants attenuate PA remodeling and vasoconstriction. [26] [27] [28] The increased availability and inappropriate metabolism of lipids often result in mitochondrial dysfunction and oxidant production in the arterial wall. 29, 30 The high circulating lipid levels in our obese-rat models led us to assess oxidant production in the PA wall by immunohistochemistry for 8-OH-guanosine or 4-OH-nonenal. Sections (5 μm) of paraformaldehyde-fixed, paraffin-embedded lung tissue were deparaffinized with Hemo-D and rehydrated in a graded ethanol-water series. Sections were subjected to antigen retrieval in citrate buffer in a microwaveable pressure cooker for 20 minutes. Sections were blocked with PBS containing 5% horse serum for 30 minutes at room temperature. The sections were incubated overnight in PBS-5% FBS (fetal bovine serum) at 4°C with 7.5 μg/mL anti-8-OH-guanosine or 10 μg/mL anti-4-OH-nonenal antibodies. The sections were then washed and incubated with the indicated Alexa Fluorconjugated secondary antibodies (1 ∶ 250 dilution) for 1 hour at room temperature. Coverslips were affixed with mounting medium containing DAPI.
Microscopy
Microscopy was performed on a Nikon TE2000-U inverted epifluorescent microscope. Bright-field, phase-contrast, and fluorescent images were captured to a personal computer with either a Spot RT/KE monochrome camera or a Spot Insight color camera (Diagnostic Imaging, Sterling Heights, MI). Images were analyzed and processed with MetaMorph 6.1 software (Molecular Devices, Sunnyvale, CA). The nuclear fluorescence intensity of 8-OH-guanosine (colocalized with DAPI) or total medial (between inner and outer elastic lamellae, colocalized with SM-actin immunofluorescence) 4-OH-nonenal staining was determined by inclusive thresholding in each micrograph, followed by computer-assisted fluorescence signal integration. This number was divided by the lumen radius of the vessel to account for artery size.
Measurement of metabolic end points and cytokines
Blood samples (1 mL) were recovered from anesthetized rats immediately before euthanasia. Blood glucose levels were determined with a OneTouch Ultra glucometer. Plasma was prepared from each blood sample for subsequent analyses. Circulating insulin levels were measured by ELISA according to the manufacturer's instructions. Blood nonesterified fatty acids and triglycerides were determined with standard clinical reagents. Plasma adipo-nectin, IL-6, TNF-α, IL-1β, tissue plasminogen activator inhibitor-1 (tPAI-1), leptin, and macrophage chemoattractant protein-1 (MCP-1) levels were measured by multiplex bead assay.
Statistics
Statistical analysis was performed with the Super ANOVA software program (Abacus Concepts, Berkeley, CA). Comparisons were performed via 2-way ANOVA followed by the Scheffé multiple-comparison test for individual comparisons within and between groups of data points. DIO/ DR or Zucker lean/fatty data presented in graphs represent averages of values obtained from at least 3 experiments with 6 animals per group. Data were considered statistically significant at P < .05. In all figures, statistically significant differences between control groups (DR lowfat-fed or Zucker lean) and other cohorts are indicated by an asterisk, while significant differences between the DIO lowfat-fed and DIO high-fat-fed groups are indicated by a pound sign (#).
RESULTS
Weight gain in DR/DIO and Zucker rat models
At 5 months of age, low-fat-fed DR rats weighed approximately 420 g, while the high-fat-fed animals were an average of 90 g heavier ( Fig. 1A, 1B ). While the DIO rats were only slightly heavier than the DR rats at 1 month, by 5 months the low-fat-fed DIO rats were approximately 225 g heavier than the DR rats on the same diet. This was apparently due to increased food intake by the DIO group. DIO rats on the high-fat diet were, on average, 320 g heavier than low-fat-fed DR animals. Zucker lean and fatty rats were also obtained at 1 month of age, but both were fed the same low-fat chow for an additional 4 months. At this time, the Zucker lean average body weight was 340 g, while the Zucker fatty rats were approximately 240 g heavier (Fig. 1C, 1D ). Retrospective analysis of magnetic resonance imaging data shows that weight gain in the DR/ DIO models is primarily due to increases in body fat content, with only minor increases in muscle and bone weight, which is required to carry the burden of excess adipose tissue ( Fig. S1 ; Figs. S1-S4 available online).
Evidence of PAH in DIO and Zucker fatty rats DR rats exhibited a small but statistically significant increase in mean PA pressure when fed a high-fat diet ( Fig. 2A) , indicating that energy overload or diet composition is capable of altering PA pressure. A similar significant increase was noted between DIO rats fed a low-fat diet and the DR low-fat-fed group, suggesting that the genetic/metabolic environment alone can also elicit changes in pulmonary hemodynamics. A high-fat diet produced a reproducible, but not statistically significant, increase in mean PA pressure in the DIO cohort.
Right ventricle weight was elevated in high-fat-fed DR rats, but this did not achieve statistical significance over the course of our studies ( Fig. 2B ). Right ventricle weight was significantly higher in low-and high-fat-fed DIO rats than in low-fat-fed DR animals, but there was no significant difference between these groups. Mean PA pressure ( Fig. 2C ) and right ventricle weight ( Fig. 2D ) were higher in Zucker fatty rats than in Zucker lean animals.
No differences were noted in cardiac output or mean systemic pressure in either the DR/DIO or the Zucker model ( Fig. S2 ). Likewise, no significant differences were noted in ventricular collagen deposition in the DR/DIO model (Fig. S3 ). This suggests that the elevated PA pressure observed in obese rats is not related to changes in cardiac function and structure.
Evidence of PA remodeling in DR/DIO and Zucker fatty rats
Thickening of the PA wall was observed in high-fat-fed DR rats, compared to low-fat-fed animals (representative images in Fig. 3A , morphometrics in Fig. 3C ). Similar results were observed in high-versus low-fat-fed DIO rats. Thus, a high-fat diet and/or calorie overload alone stimulated remodeling of the PA wall. Low-fat-fed DIO rats also exhibited a significant increase in PA wall thickness, compared to low-fat-fed DR rats, suggesting that the genetic/ metabolic environment may also affect vascular structure. Wall area was also significantly higher in high-fat-fed DIO rats than in either low-fat-fed DIO or high-fat-fed DR rats, indicating that diet and genetic environment have an additive affect on PA wall morphology. Significant remodeling of the PA wall was also observed in Zucker fatty rats relative to lean rats (Fig. 3E, 3G) .
High-fat-fed DR rats had significantly more actinpositive arterioles than low-fat-fed DR animals (Fig. 3B,  3D ). Similarly, low-fat-fed DIO rats also had a greater number of muscularized arterioles than low-fat-fed DR animals. High-fat feeding, in combination with an obesity-prone phenotype, did not appear to have an additive impact on neomuscularization. Zucker fatty rats also had a greater number of actin-positive microvessels, compared to lean controls (Fig. 3F, 3H ) .
No evidence of hypoxemia or hypoventilation in rat models of obesity Hematocrit was the same for DR and DIO rats, regardless of low-or high-fat diet (Fig. 4A ). Likewise, hematocrit was the same for Zucker lean and fatty rats maintained under isobaric normoxia. As anticipated, exposure to 3 weeks of hypobaric hypoxia elicited polycythemia in both lean and fatty rats.
EPO was barely detectable in DR and DIO rats fed with low-or high-fat diets (DR low fat: 23. Fig. 4B ). We also measured EPO in Zucker fatty rats after 48 hours of exposure to hypobaric hypoxia, to test the sensitivity of the assay and demonstrate the robust response of EPO production to brief hypoxic exposure. EPO levels were more than 35-fold higher in the hypoxic rats (710 AE 50 pg/mL) than in those housed at ambient Denver conditions.
No differences in pO 2 , pCO 2 , or SaO 2 were noted between the experimental groups. The data from these studies indicate that obese rats do not experience significant hypoxemia or exhibit evidence of hypoventilation (Fig. 4C ).
Basic metabolic parameters of obese rat models
There was no significant difference in fasting blood glucose between genetic backgrounds (DR vs. DIO, lean vs. fatty) or diets (Fig. 5A, 5E ). Fasting blood insulin was elevated in the DR and DIO rats, with lower levels in the high-fat-fed animals (Fig. 5B ). These differences never achieved statistical significance. Blood insulin was normal in Zucker lean rats but highly elevated in Zucker fatty animals ( Fig. 5F ).
Circulating triglyceride was elevated by high-fat diet in both DR and DIO rats ( Fig. 5C ) and was higher in low-fatfed DIO rats than in low-fat-fed DR animals. Triglyceride levels were higher in high-fat-fed DIO rats than in either high-fat-fed DR or low-fat-fed DIO animals, suggesting that diet and genetic background have an additive impact on blood triglyceride levels in this model. Circulating free fatty acids were significantly higher only in the high-fat-fed DIO group (Fig. 5D ). However, both triglyceride ( Fig. 5G ) and fatty acids (Fig. 5H) were increased in Zucker fatty rats.
Oxidative stress in the PA wall of obese rats Immunofluorescent staining revealed increased levels of 8-OH-guanosine and 4-OH-nonenal with high-fat feeding or obesity proneness in the DR/DIO model (Fig. 6 ). Fluorescence intensities of individual nuclei in images of multiple arteries were measured and averaged as a quantitative index of 8-OH-guanosine levels (Fig. 7A) , and total fluorescence of the endothelial layer and arterial media was measured as an index of 4-OH-nonenal levels (Fig. 7B ). Minimal staining for either adduct was observed in endothelial cells or the arterial media in low-fat-fed DR rats. However, discrete foci of intense 4-OH-nonenal staining were present in the perivascular region in all samples/ conditions. High-fat feeding of DR rats produced a small but insignificant increase in 8-OH-guanosine but an 8-9fold increase in 4-OH-nonenal staining. This staining was particularly intense in the media adjacent to the adventitia. Both 8-OH-guanosine and 4-OH-nonenal levels in the artery wall were significantly elevated in low-or high-fat-fed DIO rats, but the impact of high-fat diet and obesity proneness was not additive for either adduct. 
Inflammatory cytokine levels in obese rat models
Levels of IL-6, TNF-α, IL-1β and tPAI-1 were barely detectable in lean or fatty Zucker rats (Fig. 8) . Interestingly, plasma levels of these cytokines were highly elevated in DR and DIO rats with high-fat feeding but were not increased in low-fat-fed DIO rats. Thus, expression of these factors is linked to diet composition but not to genetic background. MCP-1 was elevated in high-fat-fed DR and DIO rats, but it was also increased in Zucker fatty rats, even though they were maintained on low-fat chow. As expected, leptin was increased in Zucker fatty rats because of increased adiposity and global leptin resistance. In the DR/DIO model, leptin was increased by high-fat diet and the DIO genetic background and, in general, correlated with adiposity. Adiponectin was elevated in Zucker fatty rats and in DIO rats compared to DR controls. High-fat diet had no significant impact on adiponectin values.
DISCUSSION
Obesity remains one of the foremost medical issues to confront society and medicine. The physical changes and metabolic abnormalities elicited by excess body fat educe numerous comorbidities, including PAH. [6] [7] [8] Obesity-related PAH has, until recently, been believed to result primarily from lung hypoxia due to hypoventilation. However, many of the comorbidities associated with excess adiposity are directly linked to metabolic and inflammatory disturbances, suggesting that these processes may also play a role in PAH. Here we examined rat models of obesity with two goals. The first was to determine whether measurable changes in pulmonary hemodynamics and pulmonary arterial structure occur in these models, and the second was to assess the relative impact of ventilatory versus metabolic and inflammatory processes on PAH.
Our results show detrimental changes in both pulmonary hemodynamics and PA and RV thickness in the DR/ DIO and Zucker rat models. The pulmonary pathology observed in these rats occurred in the absence of the increased hematocrit and EPO levels that occur in response to chronic hypoventilation and hypoxia or of the decreased resting ventilatory efficiency that is reported in obese humans. 13 The magnitude of hemodynamic and structural changes was generally less than that reported for other PAH models driven by chronic hypoxia alone, 31 hypoxia plus vascular endothelial growth factor receptor antagonists, 32 monocrotaline, 31, 33 or PA banding. 34 This suggests that additional factors, including hypoxia, may be necessary to elicit the full magnitude of responses seen in traditional models of PAH. Mild disease is consistent with the subclinical disease found in obese patients at autopsy. 10, 11 Indeed, preliminary studies (Fig. S4 ) demonstrate that chronic hypoxia, in combination with high-fat feeding/ obesity, exerts additive negative effects on the pulmonary vasculature. We predict that both hypoventilation and metabolic abnormalities contribute to the progressive deterioration in cardiopulmonary function in obese humans.
We also noted that the changes in pulmonary structure and function we observed in obese rats occurred in the absence of a significant increase in systemic vascular pressure or changes in left ventricular size and structure. Although systemic vascular pathology has been reported in DR/DIO [35] [36] [37] and Zucker fatty 38 rats, these changes typically take longer than 20 weeks to manifest. The observation is significant because it indicates that pulmonary pathology can develop in the absence of detectable systemic cardiovascular deterioration. Of note, there is evidence in humans that left-heart pathology is linked to detrimental changes in right-heart function and abnormal pulmonary function, suggesting that clinical presentation occurs with more progressive disease. 39 It is possible that the early changes observed here herald later disease progression.
Scrutiny of the DR/DIO data indicates that a high-fat diet alone is sufficient to promote PA remodeling and muscularization of distal arterioles and to elicit elevated PA pressure and RV hypertrophy ( Table 1) . A high-fat diet also resulted in hypertriglyceridemia, increased circulating inflammatory cytokines, and oxidant damage in the PA wall. The "genetic background" of the DIO rats also stimulated detrimental changes in arterial structure and arterial oxidant damage but had no effect on PA pressure, RV hypertrophy, or inflammatory cytokine production. We surmise that the obesity-favorable genotype of these animals, in the absence of calorie or fat overload, fails to elicit persistent vasoconstriction, which would promote RV hypertrophy. We are examining this idea in ongoing experiments. The DIO rats are also mildly hyperphagic and were fed ad lib. in these studies, which is evident in the higher body weights of low-fat-fed DIO rats relative to the low-fat-fed DR group. The increased calories consumed by the DIO rats may explain the PA thickening, distal neomuscularization, and oxidant damage in this cohort more than genetic changes in metabolism or physiology. We are currently examining this possibility in pair-feeding experiments. Finally, high-fat diet and genetic background had a synergistic impact on PA remodeling, RV hypertrophy, and circulating free fatty acid levels but not on other end points. The reason for this is unclear, but it is interesting that both PA remodeling and RV hypertrophy require hyperplasia and hypertrophy of resident cell populations and changes in extracellular matrix composition and structure. Perhaps overabundance of free fatty acids and metabolic damage produced by their catabolism alter the growth characteristics of smooth muscle cells (SMCs), cardiomyocytes, and other cells, leading to exaggerated arterial and cardiac remodeling. We are exploring this hypothesis, using cells isolated from each of the treatment groups.
Another significant observation in our studies is that changes in pulmonary hemodynamics and PA structure did not correlate with blood glucose or insulin levels but rather correlated with circulating levels of triglycerides and, to a lesser extent, free fatty acids (Table 1 ). In highfat-fed animals, some of these lipids undoubtedly arise from the diet itself, which is likely a factor in human obesity-related PAH, given the high fat content of the Western diet. However, manifestations of PAH were also observed in low-fat-fed (DR/DIO model) or chow-fed (Zucker model) rats, highlighting adipose tissue and the liver as sources for circulating free fatty acids and triglycerides, respectively. Insulin resistance accompanying obesity increases adipose tissue lipolysis and excretion of free fatty acids into the circulation. Likewise, de novo lipogenesis and triglyceride synthesis are elevated in the insulin-resistant liver, as is production of low-density lipoproteins that carry triglycerides and cholesterol to the peripheral tissues. Clearance of high-density lipoproteins by the liver is also diminished in obesity. The net increase in fat delivery to the PA wall may negatively affect vascular structure and function in several ways. Inefficient oxidation of fatty acids may result in the production of reactive oxygen species (ROSs), [40] [41] [42] and by-products of incomplete fatty acid oxidation. [43] [44] [45] In addition, increased delivery of fatty acids could elevate production of lipid-based second messengers, such as sphingolipids, ceramides, and gangliosides, and oxidized arachadonate derivatives within vessel wall cells. [46] [47] [48] Our data suggest that inefficient oxidation of lipids may be involved in obesity-related PAH, as ROSs were observed in the PA wall in obese DR/DIO rats. The generally low oxidative capacity of SMCs, endothelial cells, and other arterial-wall populations probably contributes to the production of ROSs in the PA wall, while excess delivery of fats undoubtedly shifts catabolic processes in favor of their oxidation, as in other systems.
Inflammatory cytokines were also elevated in obese rats, especially with high-fat feeding. These cytokines were examined on the basis of their expression by adipose tissue in obese subjects. While recognized for their role in promoting insulin resistance and inflammation in adipose and peripheral tissues, these factors also drive pathological remodeling of the PA wall. For example, IL-6-overexpressing mice spontaneously manifest PAH, with muscularization of distal arterioles and formation of plexiform lesions composed of endothelial cells and T lymphocytes. 49 In contrast, depletion of IL-6 attenuates hypoxia-induced PAH by blocking arterial remodeling and accumulation of lung macrophage. 50 Thus, IL-6 appears to influence SMC migration, endothelial cell proliferation, and recruitment of immune cells during the development of PAH. The ability of IL-6 to induce PA SMC migration has been confirmed in cell culture experiments. 51 MCP-1 may also be a crucial factor modulating recruitment of monocytes to the arterial adventitia, which, along with fibroblasts, participate in fibrotic remodeling of the vessel wall. 52, 53 MCP-1 levels are elevated in lung and plasma from PAH patients, and MCP-1 expression is increased in endothelial cells and SMCs from these individuals. 54 Migration of monocytes toward endothelial cells from PAH patients is effectively blocked by anti-MCP-1 antibodies.
Production of inflammatory cytokines and chemokines in PAH is normally attributed to resident PA cells, including endothelial cells and SMCs. The cytokines thus act in a paracrine or autocrine manner in eliciting pathological phenotypic switching of resident arterial cells, and their localized production forms a gradient for recruitment of immune cells. In obesity, it is likely that adipose tissue is the initial (and a continuous) source of inflammatory agents that impinge on peripheral tissues, such as the lung. Although not localized to the lung, these adipose-derived cytokines produce a body-wide state of low-grade inflammation that may be important in eliciting progressive arterial pathology. 55 Moreover, IL-6 and TNF-α produced in adipose tissue are believed to promote insulin resistance 
Metabolic end points Blood glucose À À À À
Note: Except as noted, "correlation" is defined as a statistically significant (P < .05) change versus the control cohort. A plus sign indicates a positive correlation and a minus sign indicates that there is no correlation. DIO: diet-induced obesity-prone; DR: diet-induced obesity-resistant; FFA: free fatty acid; ND: not determined; PAH: pulmonary arterial hypertension; PAP: pulmonary artery pressure; RV: right ventricle; TAG: triacylglycerol. a Statistically significant difference between the DR low-fat and DIO low-fat cohorts. b Statistically significant difference between the DIO high-fat cohort and either the DR high-fat or the DIO low-fat cohort. This represents evidence of putative synergism between diet and genetic background. in peripheral tissues via blockade of the insulin signaling pathway. 56, 57 In conjunction with elevated circulating lipids, loss of insulin responsiveness may have a potent impact on arterial cell phenotype via changes in fuel metabolism and oxidant production.
Insulin resistance has been suggested to play a causal role in the development of PAH in obese individuals. 20 Loss of insulin sensitivity manifests early in many obese individuals, before overt hyperglycemia is observed. We found that blood insulin levels were highly elevated in Zucker fatty rats. Circulating insulin levels were elevated in DR and DIO rats, but there was no significant difference between treatment groups. The results suggest that insulin resistance alone is insufficient to drive changes in pulmonary arterial structure or vascular tone. Efforts to modulate blood insulin levels and insulin sensitivity almost always modify blood lipids, glucose, and inflammation, making it difficult to separate insulin responsiveness from other factors.
Loss of adiponectin in obesity has also been implicated in PAH. 58, 59 Adiponectin is produced by adipocytes and exerts potent insulin-sensitizing and anti-inflammatory effects throughout the body. Adiponectin expression generally correlates with adiposity, but it is paradoxically diminished in obese human subjects, suggesting impaired adiponectin production or secretion in chronic obesity. Adiponectin-null mice spontaneously exhibit signs of pulmonary hypertension at 1 year of age 60 and show exaggerated PA remodeling in response to chronic hypoxia. 61 Conversely, adiponectin overexpression in mice prevents PA remodeling in response to either hypoxia or high-dose ovalbumin. 62 Circulating adiponectin levels in both Zucker fatty rats and obese DIO rats were elevated in our experiments. These results were not unexpected, as high-fat feeding over periods of 6-20 weeks increases adiposity and adiponectin expression in rat 63, 64 and mouse 65, 66 models. In some studies, adiponectin levels are reduced after correction for white adipose tissue mass, 64 but the impact on total circulating levels is less robust. The loss of appropriate coupling between fat mass and adiponectin is believed to reflect adipocyte insulin resistance. The time course over which adiponectin production is suppressed in humans has not been evaluated in detail. Our studies suggest that other obesity-related factors, including hyperlipidemia, oxidant stress, and inflammation, may play a more important role than reduced adiponectin production and, in fact, may override elevated adiponectin expression in promoting PAH.
Pulmonary hypertension was noted in an early characterization of the Zucker fatty-rat model, albeit in rats more than 1 year old. 38 A more recent report by Moral-Sanz and colleagues 67 failed to detect manifestations of PAH in Zucker fatty rats. The reasons underlying the different results reported by the Moral-Sanz group and our laboratory remain unclear. However, they may reflect differences in the source and terminal age of the rats or dietary and housing differences. They may also be due to differences in ambient altitude, as the studies by Moral-Sanz et al. 67 were conducted in Madrid, Spain (approximate altitude: 660 m), whereas ours were performed in Denver, Colorado (approximate altitude: 1,650 m). Perhaps the modest hypoxia experienced at Denver altitude was sufficient to unmask the otherwise minimal impact of the obese genetic background. If so, this would further highlight the synergistic impact of genetic background and hypoventilation on the development of PAH.
To our knowledge, this is the first report of pulmonary abnormalities in the DR/DIO model. Data obtained with this model implicate genetic background in the development of PAH in obese subjects, as did those from the Zucker rat model. More importantly, this model also indicates that dietary composition, or at least calorie overload, also promotes detrimental changes in the pulmonary circulation. We believe that this model affords the opportunity to further dissect the roles of genetics, epigenetics, diet, and exercise in regulating pulmonary structure and function. We are currently exploring pair-feeding studies to further define the impact of genetics versus diet and dietary composition on the development of PAH in this model. DR/DIO rats may also be useful for exploring aspects of maternal/fetal obesity, a syndrome characterized by exaggerated postnatal growth in infants of over-or underfed mothers. It would be interesting to examine the impact of calorie excess during gestation on pulmonary hemodynamics and structure in offspring over time. Such studies might reveal genetic and, more importantly, epigenetic phenomena underlying the familial propensity for developing PAH.
In closing, we conclude that obesity-related PAH can be modeled in rat models of obesity. Our data indicate that both high-fat feeding and genetic background contribute to pulmonary arterial pathology. Insulin resistance alone and changes in adiponectin levels do not appear to be major drivers of early PA pathology. However, changes in arterial structure and vascular tone correlated with circulating lipid and inflammatory cytokine levels. We also found evidence of elevated ROS production related to calorie overload and genetic background. The typically low oxidative capacity of cells in the arterial wall may lead to inappropriate or inefficient oxidation of circulating lipids, resulting in increased ROS production.
